The objective of the study was to analyze the variability of various climate indicators across the agro-climatic zones (ACZs) of the Jema watershed. The variability was analyzed considering mean annual rainfall (MARF, mm), mean daily minimum temperature (MDMinT, • C), and mean daily maximum temperature (MDMaxT, • C). A one-way analysis of variance (ANOVA) was employed to test whether group mean differences exist in the values of the indicated climatic indicators among the ACZs of the watershed. The coefficient of variation was computed to analyze the degree of climate variability among the ACZs. Rainfall and temperature data sets from 1983 to 2017 were obtained from nearby meteorological stations. The effect of climate variability in the farming system was assessed with reference to local farmers' experience. Ultimately, the values of the stated indicators of exposure to climate variability were indexed (standardized) in order to run arithmetic functions. The MARF decreases towards sub-alpine ACZs. Based on the result of the ANOVA, the two-tailed p-value (≤ 0.04) was less than 0.05; that is, there was a significant variation in MARF, MDMaxT ( • C), and MDMinT ( • C) among the ACZs. The coefficient of variation showed the presence of variations of 0.18-0.88 for MARF, 0.18 to 0.85 for MDMaxT, and 0.02-0.95 for MDMinT across the ACZs. In all of the indicators of exposure to climate variability, the lowest and highest indexed values of coefficient of variation were observed in the moist-cool and sub-alpine ACZs, respectively. Overall, the aggregate indexed values of exposure to various climate indicators ranged from 0.13-0.89 across the ACZs. The level of exposure to climate variability increased when moving from moist-cool to sub-alpine ACZs. The overall crop diversity declined across the ACZs of the watershed. Nevertheless, mainly because of the rise in temperature, the climate became suitable for cultivating maize and tef even at higher elevations. In order to adapt to the inter-annual variability of the rainy season, the process of adapting early-maturing crops and the use of improved seeds needs to be enhanced in the watershed, especially in the higher-elevation zones. It is also essential to revise traditional crop calendars and crop zones across the ACSz.
Introduction
There is a consensus that climate change has impacted agriculture and the process of ensuring food security and reducing poverty, particularly in Africa [1] [2] [3] [4] . Water is considered as a major means by which climate change and climate variability affect the Earth's ecosystems and people's livelihoods and wellbeing [3] . In most parts of the world, especially in developing economies, the most important source of water for crop production and animal rearing is rainfall [1, 2] . Africa is one of the most vulnerable continents to climate change and climate variability [4] , and a heavy dependence on rain-fed agriculture makes the livelihoods of African farmers more vulnerable to such change and variability [2] .
Ethiopia has shown considerable spatiotemporal differences in precipitation in the past [5, 6] . The presence of other constraints such as inadequate farming technology, agricultural extension services, poor access to credit, poor financial market, poor infrastructure [7] , soil degradation [8, 9] , and an incompetent institutional and administrative setup [5] have made the situation in the farming system more challenging.
If Ethiopia's institutional setup continues to be irresponsive to climate variability and its associated hazards, it is projected that by the 2050s, 350-600 million people will be at risk of water shortage [10] . Additionally, in Ethiopia, the future impacts of exposure to climate change and climate variability could cost up to 10% of the country's GDP by 2050, which could hamper the country's economic growth ambitions and disproportionately affect its most vulnerable populations [11] . Ultimately, people would face severe shortages of food, water, fiber, energy, and other essential goods and services from the ecosystem.
Numerous studies [5, [12] [13] [14] [15] have been conducted on climate variability and trend indicators in Ethiopia. Despite differences in the spatiotemporal scales analyzed, these studies reported consistent results-i.e., a warming trend over the past few decades. The mean daily maximum temperature in the Upper Blue Nile river basin showed increasing trends (20%) over the northern, central, and southern parts, and observed declining trends in the western part (13%) in the last 30 years [16] . In the Choke Mountain ecosystem, located in the Blue Nile River basin, the average annual maximum temperature was found to have increased on the order of 0.03 • C per year since 1979 [7] . Additionally, the mean annual minimum and maximum temperature across Ethiopia have been found to have increased by about 0.25 • C and about 0.1 • C per decade, respectively [17] . Studies [13, 18] linked the climate variability in Ethiopia with the El Niño-Southern Oscillation (ENSO) phenomenon.
Precipitation shows spatiotemporal differences at a global level [4] . After some decades, mean annual rainfall (MARF, mm) is expected to increase by about 7% in tropical Africa and decrease by up to 40% in winter (June-August) in Southern Africa. Rainfall increased by 0.5-1.0% per decade in the mid and high latitudes of the Northern Hemisphere and decreased by 0.3% per decade in subtropical land areas of the Northern and Southern Hemispheres. As reported in [16] , the normally high inter-annual variability of MARF in the Upper Blue Nile river basin hinders the identification of any trend. This study reported that the total annual rainfall showed an increasing trend of 35 mm per decade. Projections for precipitation are far more uncertain in Ethiopia [4] [13, 14] , and no trend in rainfall has been identified over the northeastern Ethiopian Highlands. On the other hand, in [13] , a declining trend of rainfall in Eastern, Southern, and Southwestern Ethiopia was reported. Furthermore, in [14] , a declining trend of rainfall in Southwestern and Eastern Ethiopia was observed, while a declining pattern of total annual rainfall from the southeast to the northwest in the uppermost Upper Blue Nile river basin was observed in [19] . The spatial variability of precipitation across various elevation zones at a smaller spatial scale has presented many questions and has been the subject of many research studies [19, 20] . While climate change could influence agriculture at a broad scale, regional or country-level assessments can miss critical details [21] .
East Africa is mainly characterized by semi-arid and sub-humid climates with a noticeable dry season. The variability of rainfall in these regions is connected with global processes such as the El Niño/La Niña-Southern Oscillation (ENSO) [11, 22] . However, the magnitude of exposure to climate variability is different in different seasons and under different geographic conditions. For instance, El Niño episodes are often associated with above-normal rainfall conditions over the equatorial parts of East Africa between October and December and below-normal rainfall over much of the Horn of Africa between the June-September rainy season. In contrast, La Niña events result in an increase in rainfall over much of the Greater Horn of Africa during June-September. In [7] , the authors indicated that aggregated national statistics do not capture the complex state of vulnerability to climate variability/change at the local level. This creates a challenge for generating local-level recommendations for developing adaptation strategies. It is believed that the comparison across agro-climatic zones (ACZs) helps to identify agro-ecosystem-specific climate change adaptation strategies [5] .
In Ethiopia, regions with elevations >1500 m are considered as highlands. Almost 90% of the nation's population resides in such regions, perhaps to take advantage of its relatively disease-free environment [23, 24] . Ethiopia has great diversity in terms of its socio-cultural practices and livelihood [25] [26] [27] . This diversity is reflected in the spatial and temporal variations of livelihood vulnerability to drought and famine among the rural communities in the country [25] . In [7] , the authors stated that, in a topographically diverse region, socio-economic and environmental conditions can vary dramatically over relatively short distances. This could result in a challenge for development strategies for climate resilience, as exposure to climate variability and change, climate impacts, and adaptive capacity differ between communities located within common cultural and administrative units.
In [28] , the authors concluded the importance of capturing the distributional aspects of adaptation options by highlighting heterogeneous effects of climate variability and adaptation options. Access to relevant information on climate issues is a key driver of adaptation in the Nile Basin [29] . More importantly, the issue of generating information relevant to micro-scale development planning is critical for Ethiopia, where the characteristics of agro-ecosystems vary over very short distances [7, 19, 27] . However, most studies have offered recommendations for smaller scales [28] [29] [30] , which may not be appropriate to capture the distinct features of various agro-climatic zones of countries. Altitude is generally accepted to be the most common topographic variable used to explain spatial variations in precipitation due to precipitation enhancement through orographic uplift. However, the effects of altitude are not always straightforward [9] . In [6] , it was indicated that relatively less-developed, semiarid, and arid regions of Ethiopia are highly vulnerable to climate change. However, these studies may be considered as smaller-scale to capture the spatial pattern of climate variability or climate change, particularly in the uppermost part of the Upper Blue Nile river basin, where the topography is very complex; i.e., its elevation ranges from~1500 to~4000 m a.s.l. [7, 16] . In [19] , the inverse correlation between summer precipitation and altitude in the Upper Blue Nile river basin was discussed. In [5] , it was found that the lowland agro-climatic zone of the Upper Blue Nile river basin exhibited higher climate variability. On the other hand, in [7] , more vulnerability to climatic hazards in both the highest and lowest elevation zones of the Upper Blue Nile river basin was observed.
Previous studies of climate variability failed to consider ACZs in their analysis of the exposure of geographic regions [12, 28, 30] . It is believed to be essential to generate information regarding the degree of spatial climate variability, taking into account essential climatic variables across the ACZs in which the climate system is complex. The objective of this study is to analyze the variability of various climate indicators across the agro-climatic zones (ACZs) of the Jema watershed, in the northwestern Ethiopian Highlands.
Materials and Methods

Description of the Study Area
The Jema watershed is situated between 11 • 22 0 and 11 • 3 30 N and 37 • 2 0 to 37 • 23 30 E (based on a digital elevation model (DEM) with a 30 m spatial resolution). It is part of the northwest Ethiopian highlands (a tropical highland) in the Lake Tana sub-basin in the Upper Blue Nile river basin (Figure 1) . The watershed covers a geographical area of~483 km 2 and has an elongated physical structure. The watershed is located~80 km south of Bahir Dar-the capital of the regional state-and 500 km north of Addis Ababa, the country's capital.
Volcanic rocks of the Late-Tertiary to Quaternary age dominate the geology of the watershed [31] . The watershed is characterized by complex terrain with a gentle slope, hilly landscape, and steep slopes. Based on a DEM with a 30 m spatial resolution, the elevation of the watershed ranges from 1895 to 3518 m a.s.l. Based on the local ACZ classification system [23] , the site consists of moist-cool highland (Weyina-Dega), cold highland (Low-Dega), moist-cold highland (High-Dega), and sub-alpine (Low-Wurch) ACZs (Table 1) . The elevation declines from southeast to northwest across the watershed. Based on the DEM with a 30 m spatial resolution, the slope of the watershed ranges from 0% to 45%. The steepness decreases from the southeastern (moist-cool) to the northwestern (sub-alpine) part of the watershed [19] . The MARF of the watershed is~1400 mm [17, 32] . About 80% of the total rainfall occurs during the summer (Kiremt) season. On average, the mean daily maximum temperature (MDMaxT) and mean daily minimum temperature (MDMinT) are~25 • C and~7 • C, respectively. According to the National Meteorological Agency of Ethiopia (NMA), the maximum temperature was recorded in March, during the spring (Belg) season [17, 32] . In [33] , it was stated that the main soil orders in the watershed are Alisols, Nitisols, and Vertisols.
In the Amhara Regional State, where the study site is situated, the average family size is estimated to be 4.6 people, while the population density is estimated to be~189.4 people km −2 [34] . The LULC types in the site are cropland, grazing land, settlement land, bare land, bush land, wood land, riverine trees, water bodies, and forest land [9] . The livelihood of the inhabitants is dependent on subsistence-scale mixed farming; i.e., food crop production and livestock rearing. The farming heavily depends on rain-fed systems with scant small-holding irrigation. According to Bureau of Finance and Economic Development-BOFED [34] and the focus group discussion conducted in the current study, the main crops grown include barley (Hordeum vulgare), wheat (Triticum aestivum), maize (Zea mays), potato (Solanum tuberosum), tef (Eragrostis tef ), horse bean (Vicia faba), pea, and onion (Allium cepa). The main livestock types include cattle, sheep, goat, horse, donkey, mule, and poultry. A very small proportion of households are engaged in off-farm activities to generate additional income, such as petty trading, weaving, daily labor, hand smith, and pottery production.
Data Used
The data sets used in the current study were generated from meteorological data sets recorded from 1983 to 2017. The meteorological record was subjected to interpolation and other inferential statistical analysis methods. The meteorological sites that were considered in this study are shown in Figure 2 . Estimating climatic variables such as rainfall is challenging due to the highly variable nature of meteorological processes, the effects of terrain and geography, and the difficulty of establishing a representative network of stations. In order to fill spatial data gaps, various statistical and technological techniques were used. Geostatistical interpolation is one of the universal methods that have been used by the scientific community to estimate precipitation amounts. In order to calculate the values of sample MARF across the entire watershed, it was essential to employ a robust statistical interpolation method. After evaluating the performance of various interpolation methods, it was found to be reasonable to use the ordinary co-kriging (OCK) method. The performances of the models were evaluated in terms of the mean error (ME), root-mean-square error (RMSE), mean standardized error (MSE), root-mean-square standardized error (RMSSE), and mean standard error (ASE). Moreover, a bias of estimators was also computed. The methods and procedures used for interpolation are explained in detail in previous works [19, 27] .
The possible consequences of climate variability on the farming system, including crop diversity and the length of the growing period, were assessed using the results of focus group discussions (FGDs). FGDs may have a potential limitation in generating historical data; however, since the livelihoods of the local farmers depend on rain-fed agriculture, the participants of the FGDs of the current study were in a position to recall consequences of climate-related hazards with minimal error. One FGD was conducted in each of the ACZs. Each FGD involved six to eight participants. Participants were selected taking into account the ACZ in which they resided and their age. To collect information about climate change, elders (>50 years of age) were deliberately included in the FGDs. Each FGD lasted two hours and was conducted with the support of a trained moderator. As noted in [35] , pilot studies help to improve skills related to the proper addressing of questions, effective eye contact, minimizing/avoiding domination, effective note-taking, the understanding of body language, probing of participants for further discussion, and controlling the direction of the discussion. The FGDs were implemented as recommended in [35, 36] . 
Indexing the Values of Indicators of Exposure to Climate Variability
As part of the investigation into the presence of climate variability, it was essential to generate information about the coefficient of variation for MARF (mm), MDMinT ( • C), and MDMaxT ( • C) from the meteorological data set. Ultimately, the values of all indicators of exposure to climate variability were indexed (standardized) using Equation (1). The same indexing technique was used in recent climate-related studies [5, 7, 37] . The purpose of standardizing the measured indicators is to eliminate the unit of measurement and run arithmetic functions.
where IndexV ACZ is the indexed (standardized) value of an indicator in an ACZ, I A is the actual value of an indicator in an ACZ, I Wmin is the actual minimum value of the same indicator over the entire watershed, and I Wmax is the actual maximum value of the same indicator over the entire watershed.
Results and Discussion
Spatiotemporal Variability of Rainfall and Temperature
The interpolated MARF for all the ACZs in the Jema watershed was found to be in the range of 1228 to 1640 mm ( Table 2 and Figure 3 ). The MARF decreases towards sub-alpine ACZs. Based on the result of a one-way analysis of variance (ANOVA), the two-tailed p-value (0.04) was less than 0.05 (Table 3) . Thus, the null hypothesis stating that there would be no significant variation among groups (H 0 ) was rejected. Likewise, H 0 was rejected for MDMaxT and MDMinT; that is, there was a significant variation in MARF, MDMaxT ( • C), and MDMinT ( • C) among the ACZs. In terms of MARF, all of the ACZs received sufficient rainfall (1228 to 1640 mm) to grow the local food crops; i.e., cereals and pulses. According to [26], a total annual rainfall of 1200 mm would allow the local food crops to be cultivated. Table 2 . Mean annual rainfall (MARF, in mm), mean daily maximum temperature (MDMaxT, in • C), and mean daily minimum temperature (MDMinT, in • C) for the ACZs of the Jema watershed [19] . [19] . Table 3 . Result of single-factor one-way analysis of variance (ANOVA) for MARF, MDMaxT, and MDMinT among the ACZs.
Source of Variation Dependent Variable p-Value
Between groups
The values of the inter-annual variability (coefficient of variation) of the MARF and the MDMaxT and MDMinT data sets were found to be different among the ACZs. The coefficient of variation showed the presence of a variation of 0.18-0.88 for MARF, a variation of 0.18 to 0.85 for MDMaxT, and a variation of 0.02-0.95 for MDMinT, across the ACZs. In all of the indicators of exposure to climate variability, the lowest and highest values of coefficient of variation were observed in the moist-cool and sub-alpine ACZs, respectively.
Consistent with the results of the current study, in [16] , it was reported that the mean daily maximum temperature showed increasing trends over the northern, central, and southern parts of the Upper Blue Nile river basin and showed declining trends in the western part of the basin. In the Choke Mountain ecosystem, located in the Blue Nile river basin, the annual maximum temperature has increased by an average of 0.03 • C per year since 1979 [7] . The presence of varying figures in the topic implies the complexity of microclimates in the broader region (the Blue Nile river basin) in which the study site was situated. Over the past 50 years, the mean annual minimum and maximum temperatures across Ethiopia have increased by about 0.25 • C and about 0.1 • C per decade, respectively [17] .
Similar to the result of meteorological observations, farmers in all of the ACZs perceived a historical decline in MARF. On the contrary, farmers perceived a rise in temperature in the last 20 years. As a result, in the sub-alpine ACZ (especially at the highest part of Birr Adama Mountain, where the Jema watershed has its source), no accumulation of ice has been observed within around the last 20 years; in contrast, ice accumulation was commonly observed before this time.
The local farmers noted that the length of the growing period has increased in the upstream part of the watershed mainly due to a rise in temperature. The cultivation of maize and tef has spread to higher elevations in the moist-cold and sub-alpine ACZs, respectively. The production of onion, oat (Avena sativa), local wheat or temezh (Triticum), and pea (Pisum sativum) has been abandoned by many farmers in the upstream region of the Jema watershed, whereas the production of linseed or telba (Linmu usitatisimum), barley (Hordeum vulgare), and nigeror nug (Guizotia abyssinica) has been abandoned by many farmers in the downstream regions. The rise of temperature also caused the appearance of malaria, crop pests, and weeds in the cold and moist-cold ACZs. Due to the rise in temperature, the length of the growing period reduced by a large amount in the upstream (moist-cold) ACZ.
As stated in [38] -conducted in Northwestern Ethiopia-the inter-annual variability of MARF observed in the study area was related to El Niño. The inter-annual variability of Ethiopia's June-September rainy season was primarily governed by the ENSO and secondarily reinforced by more local climate indicators near Africa and the Atlantic and Indian oceans. In 2015/2016, a strong El Niño caused droughts and crop failure in Ethiopia during the whole of the spring and summer rainy seasons [15] .
Degree of Exposure to Climate Variability among the ACZs
To allow a comparison between the degree of exposure to climate variability among the ACZs, the results mentioned above were standardized (indexed) and summarized ( Figure 4 and Table 4 ). The aggregated indexed values ranged from 0.16-0.89. The highest value was observed in the ACZs located at higher elevations, namely the sub-alpine and moist-cold ACZs. Overall, higher-elevation areas that are situated towards the east of the watershed were found to be more vulnerable to climate variability. A small-scale (country-level) study [7] identified the same parameters of climate variability indicated above as the major risks in the ACZs of northwestern Ethiopia. Moreover, due to the 2015/2016 ENSO event, drought was more severe towards the eastern part of Amhara Regional State [15] , which is nearer to the upstream part of the study watershed. 
Conclusions and Recommendations
The aggregate indexed value of exposure to various climate indicators (variability of temperature and rainfall) for the Jema watershed ranged from 0.13 to 0.89. The indexed value increased from the lower to higher-elevation areas. Climate variability is one of the environmental hazards in the watershed. In relative terms, due to the variability of MARF (mm), MDMinT ( • C), and MDMaxT ( • C), the ACZs situated at higher elevations (the moist-cold and sub-alpine ACZs) are more exposed to climate variability. In terms of facing climatic hazards, the livelihood of people who live in the upstream is more vulnerable. The overall crop diversity declined across the ACZs of the watershed. However, the climate became suitable for cultivating maize and tef at higher elevations. As part of adapting to the existing climate variability, the capacity of institutions to forecast and disseminate agro-meteorological conditions needs to be strengthened more in the higher-elevation area. In order to adapt to the inter-annual variability of the rainy season, early-maturing crops and improved seeds need to be introduced in the watershed, especially in the higher-elevation zones. It is also essential to take actions such as revisiting crop calendars and crop zones in the ACZs of tropical highlands.
